A 32-kilodalton vegetative storage protein, found in Salix microstachya Turz. bark during the overwintering period, was purified and characterized using several polyacrylamide gel electrophoretic procedures. Solubility characteristics and amino acid analyses were also performed. The protein is water soluble, is glycosylated, has no disulfide-bonded subunits, but is composed of a family of isoelectric isomers. The majority of these isomers are basic. Characteristic of storage proteins, the protein is rich in glutamine/glutamate and asparagine/aspartate (28%), the basic nature of the isomers indicating that most of these amino acid residues are in the amide form. The protein was purified using preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis and antibodies raised in chickens. Immunoblot analysis suggested an annual cyclic nature of the accumulation and mobilization of this vegetative storage protein. Immunologically, it is related to a similar molecular weight protein found in the bark of Populus deftoides Marsh. but not to any overwintering storage proteins of the other hardwoods tested. Indirect immunolocalization revealed that the protein was sequestered in proteinstorage vacuoles in parenchymatous cells of the inner bark tissues of Salix during the winter months.
Broadly, storage proteins can be defined as any proteins produced in amounts sufficient to constitute a useful reserve. The storage proteins are degraded and mobilized at a later time, the catabolites supporting the anabolic metabolism associated with new growth (13) . Most often this definition is applied to specific proteins found in abundance in seeds. However, it is becoming increasingly evident that particular proteins also play a major role in vegetative nitrogen storage and cycling phenomena in both herbaceous annuals and woody perennials. Specific proteins are synthesized and sequestered within particular vegetative cells in response to certain environmental, physiological, or developmental cues. These proteins are subsequently catabolized and mobilized from the vegetative tissues, the products supporting the ana- bolic metabolism associated with new, rapid growth. These proteins, therefore, have been classified as vegetative storage proteins (19) .
Vegetative storage proteins have been isolated from various plant organs including soybean pods and leaves (19) , potato and yam tubers (7, 16) , and roots of perennial weeds (4) and from the wood, bark, and leaves of temperate trees (6, 8, 17, 21, 24, 26) . In general, they are not homologous to seed storage proteins of the same species (19) . Vegetative storage proteins have been localized in protein-storage vacuoles within parenchymal cells of vegetative tissues (6, 8, 23) , the organelles being similar in both ontogeny and structure to protein bodies found in mature dicotyledonous seed storage parenchymal cells (5) .
In herbaceous annuals, vegetative storage protein accumulation is not restricted temporally. Rather, it is controlled by the nitrogen requirement of other portions of the plant (20) . However (24) . Accumulation of this storage protein coincides with the appearance of protein-storage vacuoles in the cambial cells, phloem parenchyma, and cortical parenchymal cells of the inner bark during the late summer and fall (5, 25) . We now confirm its localization in the protein-storage vacuoles and report some of the characteristics of the Salix vegetative storage protein.
MATERIALS AND METHODS

Plant Material
The primary material for this investigation was obtained from moderately fertilized mature trees of Salix microstachya Turz., grown in the University of Guelph arboretum. Samples of 2-to 4-year-old shoots were collected on a monthly basis from May 1989 to April 1990. The material was either ana-lyzed immediately or frozen at -70°C for 1 to 3 weeks before analysis.
SDS-PAGE
Proteins were extracted from the bark tissue as previously described (24) and total amounts measured using the Bradford reagent (Bio-Rad Laboratories). Denaturing SDS-PAGE was performed according to the method of Laemmli (12) , following instructions given in the Bio-Rad Mini-Protein II cell manual using 12 [+] ,B-mercaptoethanol) gel. The second dimension was run as described above.
Isoelectric focusing in the first dimension using a full pH range, followed by SDS-PAGE in the second dimension, resulted in a complete loss of the Mr 32,000 peptides of interest. Instead, two-dimensional gel electrophoresis, using NEPHGE3 in the first dimension, was preformed to determine the isolectric characteristics of the Salix vegetative storage protein (14) . Soluble proteins were initially extracted from the bark tissues using 50 mm sodium borate buffer and 1 mM PMSF, pH 9.0, and then washed and concentrated in an Amicon pressure cell (Amicon Corp., Denvers, MA) equipped with a PM-10 membrane, using the same buffer. Urea was added to aliquots containing 100 Mig of protein to a concentration of 9 M; then, the sample was mixed with an equal volume of 9.5 M urea, 2% (v/v) Nonidet P-40, 2% (v/v) ampholytes (1.6% pH range 5-7, 0.4% pH range 3-10, BioRad), and 5% /3-mercaptoethanol. NEPHGE gels were made according to the procedure of O'Farrell et al. (14) , using a 3% final concentration of ampholytes (pH 5-7) and a 1% final concentration of ampholytes (pH [3] [4] [5] [6] [7] [8] [9] [10] . A time series of NEPHGE gels containing identical samples was performed and an optimum running time for the protein sample of 2 h at a constant 400 V was determined. For the second dimension, NEPHGE gels were incubated in SDS-PAGE sample buffer with 5% ,B-mercaptoethanol for a minimum of 20 min, then layered on a 15% SDS-polyacrylamide gel, and run in the second dimension.
To investigate whether proteins were glycosylated, the periodic acid-Schiff staining procedure was used (27) .
3Abbreviation: NEPHGE, nonequilibrium pH gradient electrophoresis.
Solubility Characteristics
To determine solubility characteristics of the Salix vegetative storage protein, bark samples were extracted sequentially using deionized distilled water, 0.5 M NaCl, 70% 2-propanol, 60% glacial acetic acid, and 0.1 M NaOH and finally in 0.1 M sodium borate, 1% SDS, and 1% ,B-mercaptoethanol, pH 10 (9). During the first extraction, water-hydrated polyvinylpolypyrrolidone was added (2:1, w/w) to reduce phenolic interference, and in all subsequent extractions, 1% PMSF was added to the buffers to inhibit protease activity.
Protein Purification and Antibody Production
To purify protein, SDS-PAGE gels of the total protein extract from winter Salix bark samples were run on a BioRad Protein II system. Gels were stained using the Coomassie blue mixture for 10 min to make the storage protein visible, and the 32-kD protein band was cut from the gel. Protein was then eluted from the gel pieces with a Bio-Rad gel eluter into a Tris-glycine buffer (0.024 M Tris base and 0.192 M glycine, 0.1% SDS, pH 8.3). Purity was checked by electrophoresis of an aliquot of the electroeluted protein. For immunization, 50 to 100 Mig of purified protein was mixed with Freund's incomplete adjuvant to obtain approximately 1 mL of thick emulsion. One-half milliliter of the suspension was injected into each breast muscle of a laying chicken hen once a week for a total of five injections. After the fifth week, eggs were collected and the IgG was extracted and purified from the yolks according to Jensenius et al. (10) .
Controls consisted of preimmune eggs and were extracted in the same manner as the immune eggs.
Amino Acid Analysis
Following electroelution, the purified Salix vegetative storage protein was exhaustively dialyzed against distilled water and lyophilized. Amino acid analysis was preformed by ionexchange HPLC using a Beckman System Gold Amino Acid Analyzer equipped with postcolumn ninhydrin detection. Samples for analysis were treated with 200 uL performic acid for 3 h at room temperature, dried, and hydrolyzed with 5.7 M HCI at 108°C for 24 h in vacuo.
Immunoassays
Western blot analysis was performed using Bio-Rad's miniblot apparatus according to the method of Towbin et al. (22) . Localization of bound alkaline phosphatase-conjugated antibodies was performed using the Bio-Rad alkaline phosphatase color development kit, according to manufacturer's instructions. Controls were performed identically using IgG purified from preimmune eggs.
To test whether the vegetative storage protein of Salix was related immunologically to those found in other genera, winter bark samples ofAcer saccharum Marsh., Populus deltoides Marsh., Fagus sylvatica L., Fraxinus americana L., Gleditsia triacanthos L., Robinia pseudoacacia L., Tilia americana L., Alnus glutinosa L. Gaertn., Betula papyrifera Marsh., and Quercus rubra L. were extracted for total protein measurement, proteins were separated by SDS-PAGE, and the sepa- rated proteins were transferred to nitrocellulose and immunoblotted according to the above procedures.
Light Microscopy Immunolabeling
Summer and winter bark samples of Salix were fixed in mixed aldehydes, dehydrated, and embedded in glycol methacrylate according to the procedures described by Wetzel et al. (25) . Immunolabeling was performed according to the method of Craig and Goodchild (3). Affinity-purified rabbitanti-chicken immunoglobulin (IgG, Bio-Rad) was conjugated to 12-nm colloidal gold particles used routinely in this laboratory and the solution purified (18) . Silver (Fig. 3) . As a standard to test the specificity and intensity of the staining reaction, Bio-Rad SDS low mol wt markers were used. Only ovalbumin, a known glycoprotein of Mr 45,000, stained, whereas the other nonglycosylated mol wt markers did not. a b c d e f Salix Vegetative Storage Protein Lacks Disulfide-Bonded Subunits A two-dimensional SDS-PAGE technique was used in which the first dimension is performed under nonreducing conditions, followed by electrophoresis in the second dimension using reducing agents. Disulfide-bonded protein subunits would be dissociated in the second dimension, resulting in a migration of the resultant subunits to positions below the diagonal (11) (Fig. 4) (Table  I) , collectively making up a total of approximately 25% of the amino acid residues. The sulfur-containing amino acids methionine and cysteine constitute approximately 6% of the total.
Immuno-Relatedness of Salix Vegetative Storage Protein to Proteins from Other Genera
Immunoblot analysis of proteinaceous extracts from overwintering bark of a number of hardwood species, using the antibodies raised against Salix vegetative storage protein, was performed (Fig. 6) . The antibodies reacted only with similar Mr proteins found in P. deltoides, the only other member of Saliaceae used in this study. There was no cross-reactivity with proteins of other genera.
Immunolocalization of Salix Vegetative Storage Protein
The 32-kD storage protein of Salix is localized in the protein-storage vacuoles of the phloem parenchyma, cambium, and ray parenchyma ofSalix shoots during winter (Fig.  7, A and B) . Labeling, although present, is relatively sparse in the xylem ray and cambial tissues and is most pronounced in the phloem parenchyma. The vegetative storage protein is restricted to protein-storage vacuoles within each of these cell types. The vegetative storage protein is not as prevalent during summer. Occasionally, protein-storage vacuoles were found in some cells and, when present, gave a light but positive signal for the presence of the vegetative storage protein (Fig.   7, D and E) . Labeling is not seen in the control sections from winter (Fig. 7C) or summer bark tissues (Fig. 7F) (6, 8, 19, 23) .
The major role of the Salix vegetative storage protein appears to be as an overwintering nitrogen reserve. Both SDS-PAGE (24) and immunoblot analysis (this study) suggest an annual cyclic nature of accumulation and mobilization, although it has not been conclusively demonstrated that increased synthesis and accumulation rather than decreased mobilization are occurring at this time. The protein is present in the inner bark tissues during the summer months, albeit in quantities much reduced compared with those of fall and winter. The immunocytochemical localization studies again confirm this finding: the protein is localized in vacuoles in the phloem parenchymal cells during the summer months, but the frequency of protein-storage vacuoles in any given cell and, indeed, the frequency of cells involved in sequestering the protein during the summer is very low.
The presence of the Salix vegetative storage protein in the summer bark could be a function of nitrogen availability. The trees received some exogenous nitrogen during the summer, more so than would be expected in a natural forest stand. Staswick (20) protein of potato, was found to be present in all 31 commercial and experimental potato cultivars examined (16) . Interesting also is the immunodetection of a second Mr 34,000 protein in Salix bark during the winter months. This was not seen in stained SDS-PAGE gels of winter samples of Salix x smithiana, although species differences may exist (24) . The possible presence of more than one vegetative storage protein is again similar to the situation in Populus in which at least two, and as many as four, distinct polypeptides may be considered as overwintering vegetative storage proteins (24) . The degree of homology between the individual proteins both within and between each species has yet to be determined.
According to the classification of Osborne and Mendel (15) used for seed proteins, the Salix vegetative storage protein is an albumin, although the classification may not be appropriate to non-seed proteins. However, additional vegetative storage protein was released in other solvents following exhaustive extraction in water. It is possible that a portion of the vegetative storage protein binds to phenolic compounds or other water-insoluble polymers and are subsequently released when exposed to altered pH conditions. That the protein remains soluble in water following extensive dialysis of the acidic and basic extractions supports this conclusion. Alternatively, the Salix storage protein may be composed of several polypeptides of the same mol wt that have different solubility characteristics (9) .
The Salix vegetative storage protein is glycosylated, although the nature of the oligosaccharide side chain(s) has not been determined. As with other glycosylated vegetative storage proteins (8, 16, 19) , the function of the glycosylation is not understood. The protein is also comprised of seven to 10 isoelectric isomers. The majority of these isomers have a negative charge, moving toward the cathode during NEPHGE. Standard isoelectric focusing procedures failed to resolve any proteins in the 32-kD range. Because the majority of the charge isomers are basic, and, in toto, Asx and Glx residues account for approximately 25% of the amino acid residues of the protein, it is highly probable that most of these residues exist in the amide form. Asx and Glx are frequent in seed and vegetative storage proteins, and the amino acid composition of Salix vegetative storage protein is similar to those of Sambucus nigra (1), soybean (19) , yam tuber (7), and patatin (16) . The lack of disulfide subunits is consistent with the relatively low amount of cysteine (1.5%). The presence of the high amounts of the essential amino acids leucine and lysine as well as the sulfur-containing amino acid methionine may explain why Salix bark is grazed by animals during the winter. Because of the similarity of Salix vegetative storage protein to that of Populus, overwintering Salix bark may have commercial value as an alternate animal food source (2) .
